Summary. Cell-cell interactions play a fundamental role in the differentiation of nervous elements in constant patterns, both during embryogenesis and imaginal development. In this paper we analyse the role of genes of the achaete-scute and Enhancer of split complexes, plus the genes extramaerochaetae, Notch, Delta, and Hairless in the patterning of sensory elements in the mesonotum of Drosophila. The phenotypes of different alleles of these genes, including lethals in genetic mosaics, reveal their participation in two processes, the singling out from epidermal cells of sensory organ mother cells and their subsequent differentiation. Studies of allelic combinations of different genes lead to a model of the genetic interactions involved in the processes of pattern formation. In this model, the achaete-scute complex plays a central role, determining sensory organ mother cells and preventing neighbouring cells from following the same developmental pathway.
Introduction
The sensory organs (SO) of the larval and adult epidermis differentiate among epidermal cells in patterns characteristic of the sex and segment. In the adult, SOs correspond to chaetae (macro and micro) and other types of sensilla. These organs derive from two differentiative divisions of precursor cells that become singled out ("singularized") from epidermal cells during the cell proliferation period of imaginal disc development (Garcia-Bellido and Merriam 1971) . The generation of the SO pattern occurs in two steps: (1) singularization of sensory organ mother cells (SOMC), and (2) differentiation of the cell offspring of SOMCs into the nervous and epidermal elements of the SO. In this work, we presOffprint requests' to: A. Garcia-Bellido ent a genetic analysis of these two processes in the mesonotum (see for previous reviews Garcia-Bellido 1981; Ghysen and Dambly-Chaudi6re 1988) .
The function of genes of the achaete-scute complex (AS-C) is central to SOMC singularization. Lack of the AS-C causes the absence of SOs and loss-of-function mutations in the AS-C remove specific sets of SOs (Garcia-Bellido and Santamaria 1978) . On the other hand, gain-of-function alleles of the AS-C (e.g. Hairy wing) cause the appearance of extra SOs in new positions (Garcia-Bellido 1981; Garcia Alonso and Garcia-Bellido 1986; Balcells et al. 1988 ). The AS-C is subdivisible into four genetic regions, achaete (ac), scute (sc), lethal of scute (l'sc) (Garcia-Bellido 1979) and asense (ase) (Ghysen and Dambly Chaudi6re 1987) , associated with the coding sequences for the transcripts T5, T4, T3 (Campuzano et al. 1985) , and Tla (GonzAlez et al. 1989) , respectively. These transcripts are translated into proteins with basic helix-loop-helix (b-HLH) domains (Villares and Cabrera 1987; Alonso and Cabrera 1988; Gonzalez et al. 1989 ) that possibly act as transcriptional regulators (Murre et al. 1989) . Two of these genes, achaete and scute, which are the most important for mesonotum SO development, are expressed in the imaginal discs in clusters of cells corresponding to the positions where the adult SO will differentiate .
Classic physiological and developmental genetic experiments indicate that the singularization of SOMCs is mediated by cell-cell interactions, e.g. "lateral inhibition" (Wigglesworth 1940; Stern 1954; Moscoso del Prado and Garcia-Bellido 1984b) . In these interactions, the products of genes acting as emitters, receptors and transducers in cell communication may be involved. In fact, several of these types of genes, whose mutations affect SO patterning and differentiation, have been identified in Drosophila. They correspond to the class of "neurogenic genes" (Lehmann et al. 1983; Campos-Ortega 1985 , 1988 Hartenstein and Campos-Ortega 1986) , so called because their mutations cause hyperneuralization of the ventral embryonic ectoderm at the cost of presumptive epidermal cells. In the present work, we will report on the interactions of the AS-C with the neurogenic genes Notch (N) and Delta (D1), both coding for transmembrane proteins with extracellular domains homologous to those of epidermal growth factors, (Warthon etal. 1985; Kidd etal. 1986; V/issin etal. 1987; Kopczynski et al. 1988) , and Enhancer of split [E(spl) ], a gene complex with coding sequences for three proteins with HLH domains (Klambt et al. 1989 ) and one with homology to the fl subunit of G proteins . Mutant combinations of these genes studied in embryos have suggested that they operate as members of a signal transduction chain between ectodermal cells leading to neuroblast singularization (Concha et al. 1988; Campos-Ortega 1988) . The adult phenotypes of viable combinations affect, in addition to SO patterning, ommatidia development (Dietrich and Campos-Ortega 1984; Cagan and Ready 1989; Campos-Ortega and Knust 1990) and wing vein differentiation (V/issin et al. 1985; Diaz-Benjumea and Garcia-Bellido 1990) , processes that also require cell interactions. We have included in this analysis the gene Hairless (H) which, although not yet molecularly characterized, has interactions with the neurogenic genes (V/issin et al. 1985) , and the gene extramacrochaetae (emc), coding for another HLH containing protein (Garrell and Modolell 1990; Ellis et al. 1990 ) already known to interact with the AS-C in the generation of the adult chaetae pattern (Moscoso del Prado and Garcia-Bellido 1984a; Garcia-Alonso and Garcia-Bellido 1988).
The present results indicate that all these genes are involved in the processes of SOMC singularization and terminal differentiation, interacting both between them and with the AS-C. These results extend the conclusions of similar analyses carried out on the embryonic development of the central nervous system (Brand and Campos-Ortega 1988) .
Material and methods
Genetic variants. Most of the genetic variants are described in Lindsley and Grell (1968) and Zimm (1987, 1990) . For the AS-C, we have studied the same flies (kept in alcoholglycerol) used by Ruiz-G6mez and Modolell (1987) , carrying terminal deficiencies distal to the T5 (RTac 625, 242, 739 and 691) and T4 (RTsc 748, 650, 343 and 150) coding regions. Of the emc, H and neurogenic genes we have used: the extramacrochaetae alleles emc 1, emc pe~ and Ach (Garcla-Alonso and Garcia-Bellido 1988) and the emc + duplication Dp(3;Y;1)M2 (Garcia-Bellido and Ripoll 1973) ; the Notch (N) alleles N 55ell (Kidd et al. 1983) , N 264"39, notchoid (nd) ,facet-notchoid 0cana), split (spl); the Abruptex (Ax) alleles Ax 28, A.x "16172 and seven Ax alleles, Ax M1 -Ax My, induced by ethylmethane sulfonate (EMS) in this laboratory. As N + duplications, we used: Dp (1 ;2) 5187 and Dp (1 ;3) w + 67k ; the Delta alleles Dl M~ (X-ray induced), Ol N2 (spontaneous origin) and Dl M3 (EMS induced) all isolated in this laboratory, D/~i"1 and D/~ia3 (V/issin and Campos-Ortega 1987) and the Dl + duplication Dp (3 ;3)bxd a 1 o (V/issin et al. 1985) ; the Enhancer of split revertants of the original dominant allele (E(spl)O), E(spl) RATI and E(spl) R1 (Knust et al. 1987) , the deletion E(spl) Bxzz (Preiss et al. 1987 ) and the alleles gro, E(spl) E73 and E(spl) E48 ; the Hairless alleles H 2 and/~1, HUZ, HM3 (X-ray induced),/_/M4,//Ms, H M6 (EMS induced) and/4 M7 (N-ethyl-N-nitrosourea-induced) all isolated in this laboratory.
Clonal analysis'. In clonal analysis, we used yellow (y), singed (sn), forked Q), Stubble (Sb) and bald (bld) as cell markers, and the Minute allele M(3)w. The corresponding mitotic recombination parameters are described in Garcia-Bellido (1972) , Dapena (1974) and Ferrfis (1975) . Mitotic recombination was induced by X-rays (Philips M6-15/Be, 100 kV and 15 mA, 2 mm aluminium filter at focal distance of 20 cm) at a final dose of 1000 R in larvae aged with respect to egg laying (AEL).
Quantification ofphenotypes. Chaetae phenotypes are described by averaging data from 24 heminota for each genotype. Absences of individual macrochaetae are given as percentages of studied heminota.
Correlation analysis of the series of affected macrochaetae in different mutant loci made use of the formula: r= (Sxyn l(Xx) (Sy)/l/(XxZ-n-l(Sx) 2)(Sy2-n-l(Xy)Z). The x and y values (normalized average of absence of each macrochaetae in all the genotypes of each locus) are given in Fig. 5 a.
Results

Functional requirements of the genes emc, N, Dl, E(spl) and H in the generation of the adult chaeta pattern
We will first study the phenotypes of different alleles of each locus corresponding to either loss-of-function (amorphs and hypomorphs) or gain-of-function mutations, and to changes in gene doses. These phenotypes will be analysed for the chaetae pattern of mutant flies and in mosaic patches for homozygous lethal alleles.
The emc locus. Available data on the developmental genetics of the locus can be found in Garcia- Alonso and Garcia-Bellido (1988) and on its molecular characterization in Garrell and Modolell (1990) and Ellis et al. (1990) . Loss-of-function mutations form a single allelic series in which viable allele combinations cause extra chaetae, in characteristic patterns, and strong alleles cause embryonic death (Garcia- Alonso and Garcia-Bellido 1988) . In mitotic recombination-clones of lethal alleles, emc cells can differentiate extra chaetae throughout the notum and wing (Garcia-Alonso and Garcia-Bellido 1988) . There is only one allele known that corresponds to the gain-of-function condition, Achaetous (Ach) (Craymer 1980; Garcia-Alonso and Garcia-Bellido 1988) . The Ach mutation causes the absence of specific macrochaetae in the notum, with characteristic frequencies (Fig. 2b) , and the reduction of the total number of microchaetae (Table 1, Fig. 2h ).
The N locus. Loss-of-function mutations at the N locus cause a complex pleiotropic syndrome, including perturbations of the chaetae pattern (Welshons 1965 (Welshons , 1971 . Dominant Abruptex (Ax) alleles, considered as antimorphs, also map at this locus, causing lack of chaetae among other phenotypes (Portin 1975; Foster 1975) .
The N haplo-insufficient phenotype in the mesonoturn is an increase in microchaetae density (Table 1) . This phenotype is the same in combinations of N null alleles with the recessive alleles nd and fa na (N55e11/nd, N55ell/fand). The spl mutation, however, increases microchaetae density (compared to N-heterozygotes) in combination with a N null allele (Fig. 1 b) but causes In order to study the phenotype of homozygous N amorphic alleles we induced mitotic recombination in N55ellf36a/y sn 3 larva. After irradiation at 42-54 h AEL we found 6 y sn 3 clones of 26 _ 18 microchaetae associated with large regions void of chaetae; regions of this size would include 30 + 19 microchaetae in a wild type fly. After irradiation at 54-66 h AEL we found 35 y sn 3 clones (12+8 microchaetae) adjacent to territories void of chaetae (corresponding to 13_+9 microchaetae in wild type). Thus, the phenotype of N-clones consists of a total absence of both macro-and microchaetae. The territories void of chaetae are, however, normal in size and may appear in any region of the notum (Fig. 1 c) , suggesting that the N gene is not required for epidermal cell proliferation.
spl and several Ax alleles have been shown to correspond to amino acid substitutions in the EGF-homologous regions of the extracellular domain of the N protein (for Ax 28 and Ax 16172 see Kelley et al. 1987 ; for spl see Hartley et al. 1987) . We have studied the phenotypes of nine Ax alleles in different heteroallelic combinations. Except for Ax M1 and Ax M3 which die as pharate adults, the rest are homozygous viable. The phenotypically most extreme Ax alMic combinations cause the almost total absence of macro-and mierochaetae ( Fig. 1 d) . Less extreme combinations cause phenotypes that can be topographically ordered along a continuous series of effects on macro-and microchaetae ( Fig. 2 c, d, i) .
Although the lack-of-chaetae phenotype of Ax is superficially the same as that of N amorphs seen in clones, the causes are different. Both affect SOMC singularization and differentiation but, whereas lack of chaetae in N clones is possibly related to the transformation of the epidermal cells into a neural sublineage of the SOMC daughter cells (Hartenstein and Posakony 1989) , the Ax phenotype of lack-of-chaetae is associated with the failure of SOMCs to single out (Celis et al. 1991) .
The Dl locus. Several types of Dl alleles are known, affecting different developmental systems including chaetae patterning and differentiation (V/issin and CamposOrtega 1987; Alton et al. 1988) . We have used alleles representative of the three known classes (V/issin and Campos-Ortega 1987): homozygous viable (D/~ial and D/~iaa), hypomorphic homozygous lethal (Dl M2 and Dl M3) and antimorphic homozygous lethal (D/M1).
All Dl lethal alleles are dominant by haplo-insufficiency, causing notum phenotypes of evenly spaced extra microchaetae, similar to those of N haplo-insufficiency (Table 1) . Heterozygotes of viable alleles and D/u~ are lethal. Heterozygotes of viable and lethal hypomorphic alleles have extreme extra microchaetae phenotypes and show, in addition, extra macrochaetae (Table 1 ; Fig. 1 e, f). The number of extra macrochaetae in the notum varies with the heteroallelic combination from two to five. They appear in the proximity of normal positions, the same in all four allelic combinations, as shown in Fig. l e f. In the extreme heteroallelic combination (DlVial/DlM3), there is an additional lack of microchaetae in the most anterior and posterior regions of the notum (Fig. 1 f) .
The phenotype of lethal alleles (D/ul and D/M2) in the homozygous condition was studied in mitotic recombination clones. Clones were labelled with bld in bld DlM2/q -flies or with Sb + in DlM1/bld Sb 63 flies. In the first case, we found, for irradiation age 66-78 h AEL, 15 bld Dl ME clones and 26 territories with similar chaetae phenotypes to that of bld clones, and at 54-66 h AEL, 5 putative Dl M2 clones (recombination distal to bM). In the second case, we found 4 putative Dl M~ clones without a bld twin after irradiations at 54-66 h AEL. The sizes of these clones were normal in both cases. These clones entirely lacked microchaetae but, all macrochaetae positions appeared with clusters of 2-5 rnacroChaetae on independent tormogens or with several trichogens on the same tormogen ( Fig. I g, h) . Thus, Dl, like N, seems to be required for both singularization of the SOMCs in chaetogenic regions and subsequent chaeta differentiation.
The E(spl) gene complex. The original E(spl)D mutation (Welshons 1956 ) can be reverted by second mutation ooo o~~ .. (Lehmann et al. 1983; Ziemer et al. 1988) . We have studied the allele E(spl) D, the revertants E(spl) R1 and E(spl) RAT"a corresponding to large deletions, and E(spl) Bx22 corresponding to a smaller one (including the coding region for transcripts m6 to m9/ml0), and two mutations in the latter coding region, one lethal (E(spl)E73), the other viable (gro) Preiss et al. 1988) . The E(spl) D allele has a dominant phenotype increasing the number of microchaetae in the notum (Table 1) . This phenotype is exaggerated in hemizygous flies (over E(spl) deletions, data not shown), indicating that E(spl) D has a cis-associated loss-of-function (see also Knust et al. 1987) . All E(spl) revertant alMes are recessive. The gro phenotype consists of clusters of macrochaetae preferentially in the ASA position (2-4 extra chaetae), along with clusters of microchaetae in the lateral regions of the notum and extra microchaetae in the scutellum (Fig. 1 i; Table 1 ). The gro phenotype is most extreme in combination with E(spl) RAT"I (Fig. l i) and serially decreases in severity with E(spl) Bx22, E(spl) R* and with the lethal allele E(spl) Ev3 (see also Knust et al. 1987) .
The phenotypes of E(spl) RAy's, E(spl) Bx2z and E(spl) E73 lethal homozygotes were studied in mitotic recombination clones in E(spl) -/mwh bld Sb 63 flies. We found 4 E(spl) RAT"I clones (1 with a bld twin) after irradiations at 54-66 h AEL and 6 (2 with a bld twin) at 66-78 h AEL. For E(spl) BX22 we found 10 clones (4 with a bld twin) following irradiation at 54-66 h AEL and 3 E(spl) E73 clones at 54-66 h AEL (without bld twin) and 6 E(spl) E73 at 66-78 h AEL (3 with a bld twin). The 3 alleles have similar clonal phenotypes, namely absence of chaetae (Fig. l j, k) . In the case of E(spl) Ev3 (and with low frequencies in E(spl) Bx22 and E(spl)RAT"a), clusters of Sb + microchaetae also appear, in which several trichogens arise from a single tormogen (Fig. l j) . In the scutellum all the alleles studied have phenotypes of extra microchaetae (Fig. l j, k) . The sizes of the territories void of chaetae are similar to those of bld twins, suggesting normal cell viability of these genotypes. These results are compatible with E(spl)-cells failing to differentiate chaetae in the step of SOMC singularization and/or later, during epidermal sublineage specification.
The H locus. H mutations affect the differentiation of chaetae (Lindsley and Grell 1968) . We have studied and seven alleles (/_/Ma to /_#V) induced in our laboratory. They all are haplo-insufficient and their dominant phenotypes differ in penetrance, suggesting degrees of hypomorphism. The chaeta phenotypes include absence of trichogen, with or without duplication of the tormogen, and absence of both. These effects vary with chaetae position and the allele considered (Fig. 2e, f) . The phenotypes of H alleles can be ordered along a common seriation for macrochaetae positions with respect to both lack of trichogen and lack of the full epidermal component of the chaeta organ, as shown in Fig. 2e , f. The phenotype of the lethal H M7 allele was analysed in clones using bld as a cell marker (in bld HM7/M(3)w flies). We found two large putative clones (recombination distal to bld) affecting almost the entire heminotum in flies irradiated at 54-66 h AEL and five at 66-78 h AEL. These clones lacked the cuticular derivatives of the epidermal lineage in both macro-and microchaetae (Fig. 11) . Some chaetae appeared as duplicated tormogens. Clone sizes were otherwise normal, i.e. as expected for their M ÷ controls.
Functional relationship of emc, N, DI, E(Spl) and H with the AS-C
Previous work has shown that amorphic mutations of the AS-C (e.g. sc 1°'1 or Df(1)sc 19) remove both normal and emc-caused extra chaetae (Garcia-Bellido and Santamaria 1978; Garcia- Alonso and Garcia-Bellido 1988) . Alternatively, extra doses of the AS-C exaggerate phenotypes of emc combinations and correct Ach phenotypes. This behaviour has led to the suggestion that emc acts as a negative regulator of AS-C expression. (Moscoso del Prado and Garcia-Bellido 1984 a; Garcia-Alonso and Garcia-Bellido 1988). Here we extend a similar analysis to N, Dl, E(spl) and H genes.
As shown in Table 1 , the heterozygosis of the Df (1) Fig. 2d ). The SC 10"1 mutation, null for both ac and se (Campuzano et al. 1985; Villares and Cabrera 1987) , that causes absence of macro-and microchaetae, removes also the extra chaetae caused by Dl (DIM1/+, DIM2/DI vial) and E(spl) (gro/gro and gro/E(spl) RAT'1) in double mutant combinations (data not shown). In combinations of sc alleles or ac deficiencies with mutations causing extra macroor microchaetae (DIMZ/DI vlal, gro/E(spl) R1, Nsse11/q -) the sc phenotype is epistatic in the positions affected by the particular sc allele considered and the extra macrochaetae phenotypes are corrected in other positions (data not shown). Reciprocally, the increase in the number of doses of the AS-C (Dp(1.2)SC 19) exaggerates the extra chaetae phenotype of DI and E(spl) heterozygotes, although to a lesser extent than in the case of emc (Table 1) . Extra doses of the AS-C also correct the reduction of chaetae caused by Ax and H alleles (Table 1 ; Fig. 2 d, f) . These results indicate that the mutant effects of these genes depend on or are mediated by the activity of the AS-C; i.e. these genes can be considered as trans-acting genes of the AS-C.
These interactions can be further analysed by comparing the topographical seriations ofphenotypes caused by different alleles of these genes and their combinations with genetic variants in the AS-C. We also consider the pattern effects of different terminal deficiencies distal to the ac and sc coding regions, namely RTac (Fig. 2g) and RTsc (Fig. 2a) . For mutations causing absence of normal chaetae (Ach, Ax and H), variations in doses of the AS-C (1-4) modify the pattern of affected macrochaetae. This variation follows the same topographical (Fig. 2) ; e.g. Ach homozygous flies have the same phenotype as Df(I)sc19/+ ;Ach/+ double heterozygotes (Fig. 2b) . Weak Ax alleles show, in double heterozygotes with Df(t)sc 19, the same phenotype as stronger Ax alleles, and strong Ax alleles, in combinations with extra doses of the AS-C, cause similar phenotypes to that of weak Ax alleles (Fig. 2d) . That also holds for combinations of variable AS-C doses and the two phenotypes of absence and abnormal chaetae differentiation of H mutations (Fig. 2t") . Interestingly, the seriation of positions affected by Ax and H are in turn very similar, and both are different from that of the Ach seriation (compare Fig. 2h, i; Fig. 5 ). The latter is similar to that of RTsc (macrochaetae) and RTac (microchaetae) (compare Fig. 2 a, b and Fig. 2 g, h) . Combinations of mutant alleles of trans-acting genes with gain-of-function mutations in the AS-C, Hw 49c (and Hw ~, data not shown), also reveal mutual dependences. Thus, lack-of-function alleles of N, Dl and emc exaggerate Hw phenotypes both in ectopic and normal positions, whereas Ax, H, and Ach correct them (Fig. 3 , for the case of extra chaetae in the wing). Extra doses of Dl and N genes, however, do not modify the Hw phenotypes (data not shown). These results indicate that the interactions found for regions where the AS-C is normally expressed also apply to the regions with ectopic expression of the AS-C caused by Hw 49c and Hw 1 mutations (Balcells et al. 1988) .
Functional relationships between trans-acting genes
In Fig. 4a, b , we present the phenotype as the number of macro-and microchaetae (normal or extra ones) in combinations of emc alleles (emc and Ach) with different genetic variants of the other trans-acting genes. The haplo-insufficiency of N or Dl causes an increase of the emc phenotype, whereas the Ach phenotypes of lack-ofchaetae are epistatic over the extra-chaetae phenotype of either N or Dl in double heterozygotes. The heterozygosity of E(spl) R1, E(spl) RA7"I and E(spl) E73, however, increases Ach phenotypes. On the other hand, the mutations Ax and H normalize emc phenotypes, and show superadditive effects of lack of macro-and microchaetae in combination with Ach. The patterns of affected chaetae of both Ach HMT/+ + and AxM1/+ ;Ach/+ are similar, corresponding to the more sensitive positions in both
Ax-H and Ach seriations (data not shown).
In combinations of N and Dl alleles (N55ell/+ ;DlM1/ -q-, N264"39/q -;DIM1/"} -, N55ell/-'[ -;D1M2/-I-, and others), the extra chaetae phenotypes remain similar to those of the N heterozygotes (data not shown). N and E(spl) (N55en/+; E(spl)R1/q -and N55ell/q-; E(spl) RhT"/--k) combinations have a reduced viability (due to embryonic lethality; Vfissin et al. 1985) (Fig. 4b, c) , H (Fig. 4d) , Dl and E(spl) alleles (Fig. 4c) . Whereas Dl and emc rescue Ax phenotypes, extra doses of erne + (and Ach) and Dl + exaggerate them. It is known that DI mutations rescue the lethality of some Ax lethal heteroallelic combinations (Xu et al. 1990 ) and this rescuing effect is reflected also in a weaker chaetae phenotype (data not shown). Combinations of E(spl) alleles and Ax mutations yield paradoxical results because, whereas E(spl) point lethal alleles (E(spl) E48, E(spl) E73) increase Ax phenotypes (Xu et al. 1990 ; Fig. 4c ), E(spl) deftciences (E(spl) RAT"I and E(spl) R1) reduce them (Xu et al. 1990 ; Fig. 4c) . Surprisingly, groucho (gro), an hypomorphic viable allele of the lethal group , causes a stronger correction of Ax phenotyphes in combinations with E(spl) deficiences (Fig. 4c) . 
Dependence of trans-acting genes on the AS-C
The phenotypes of lack-of-chaetae (Ax, H and Ach) and of extra-chaetae (N, Dl, E(spl) and emc) vary with the number of copies of the AS-C present in the genome.
They, in turn, affect the phenotype of Hw, suppressing or exaggerating it, both in notum and wing (Fig. 3) . Finally, amorphic mutations of the AS-C (ac-, sc-, sc 1°-1) are epistatic over all the phenotypes of extrachaetae caused by these neurogenic genes. These findings suggest that their mutant phenotypes result from modifications of the expression or function of the AS-C, thus justifying their classification as trans-acting genes.
Functional requirements of trans-acting genes in chaetae patterning
The mutant phenotypes can be grouped into several classes, suggesting different stages of the process of chaetae patterning that they may perturb: (1) Extra macroand microchaetae in regions normally void of them, i.e. in ectopic positions, possibly where the AS-C is not expressed or is expressed only in low amounts (Garcia Alonso and Garcia-Bellido 1988), as it occurs in emc, and in E(spI) clones in the scutellum. This indicates that their functions are required for the definition of the pattern of groups of cells where the AS-C is expressed. (2) Extra macro-and microchaetae in normal regions, including clusters of macrochaetae around normal positions [Dl, N, and E(spl) ], and microchaetae in higher density (Dl, N) or in clusters E(spl)]. These extra chaetae (like those of emc; Garcia-Alonso and Garcia-Bellido 1988) are not clonal in origin (Celis 1989) and therefore their appearance may result from singularization of more SOMCs, in normal clusters of AS-Cexpressing cells, perhaps by failures in the mechanism of lateral inhibition. (3) Absence or abnormal differentiation of chaetae [N, Dl and E(spl) ]. These phenotypes suggest that the process affected is the actual differentiation of SOMC cells into the chaetae organ, i.e. the specification of its daughter cells fate (neural vs. epidermal sublineages) that possibly results from cell interactions between the offspring of SOMCs. This has been shown to be the case for N (Hartenstein and Posakony 1989) . (4) The phenotypes of H alleles with both lack of chaetae and abnormal trichogen differentiation are indicative of perturbations in SOMC singularization and/or differentiation of the cells giving rise to the epidermal components of the chaeta organ.
Topographical seriations
Different alleles of the AS-C and its trans-acting genes display topographical seriations of effects on macro-and microchaetae that are locus specific. The existence of topographic seriations are indicative of differential spatial requirements in either the amount of AS-C function or that of its trans-acting genes. The AS-C mutant perturbations that map 3' to the sc-coding region (GarciaBellido 1979; Campuzano et al. 1985) have a different seriation to those mapping 5' to it (RTsc)'or 5' to the ac (RTac) coding regions (Ruiz-G6mez' and Modolell 1987) and it has been postulated that 3'-sc perturbations disconnect cis-regulatory regions, whereas those of 5'-sc or 5'-ac affect promoter efficiency (Ruiz-Gdmez and Modolell 1987) . The Ach macrochaetae seriation is similar to that of RTsc perturbations (r = 0.67; see Materials and methods) and the Ach microchaetae seriation is similar to that of RTac (Fig. 2h, i) . This is compatible with the notion that emc products operate at the level of transcription of the AS-C, a possible mechanism being their sequestering of AS-C products in the positive feedback activation of the AS-C by its own products (Garcia- Alonso and Garcia-Bellido 1986; Garrel and Modolell 1990) . On the other hand, the seriations of Ax and H alleles are extremely similar (r=0.82) in their pattern of macrochaetae; double mutant combinations of Ax and H weak alleles have phenotypes identical to the stronger ones of the Ax seriation. Reciprocally, H alleles suppress the haplo-insufficient phenotype of N. Finally, both Ax and H on the one hand and Ach and RTsc seriations on the other are to a large extent inverted (r = -0.57 for Ax-Ach and -0.44 for Ach-H; see Fig. 5 ), as is clearly shown in the pattern of microchaetae of Ax compared with Ach-RTac (Fig. 2g, h, i) . Unfortunately, the observed phenotypic variations of Dl and E(spl) do not include enough chaetae position to construct comparable seriations.
Transformed sc 1°'1 flies with T4 constructs, that lack both ac and sc functional proteins, show a homogeneous basal expression of sc RNA but macrochaetae only differentiate in certain positions (PS, PSA, APA, ADC and PDC, Hernfindez and Modolell, personal communication) . Presumably, they correspond to those with less initial requirements of sc products. These chaetae are the more sensitive to Ax and H alleles and the less sensitive of Ach (except APA) (Fig. 5 a) . We postulate, therefore, that the chaeta pattern is generated in two processes. One would define the initial pattern of AS-C expression, where the emc gene is involved, the other the requirements of this expression for SOMC singularization and subsequent maintenance until its terminal differentiation. In this way, positions with less initial requirement for AS-C transcription (the less sensitive to Ach-RTs) have later higher requirements (the more sensitive to Ax-H mutations) of AS-C products for SOMC singularization and maintenance (Fig. 5 b) .
Molecular nature and developmental role of emc, N, D1, E(spl) and H
The molecular nature of these trans-acting genes is consistent with the developmental role proposed for them. Thus, the existence of the HLH domain (Murre et al. Actual data for some of these alleles in Fig. 2 . The order of effects of all these combinations on each macrochaetae was normalized with respect to the most sensitive position (value 10). (Garrell and Modolell 1990; Ellis etal. 1990) , in several transcripts included in D f(3)E(spl)RA 7.1 (Klfimbt et al. 1989 ) and in the AS-C genes (Villares and Cabrera 1987; Alonso and Cabrera 1988; Gonzalez et al. 1989 ) is compatible with the existence of interactions between their products, affecting AS-C auto-activation and transcription. The mutant effects of these genes could lead to an extension of the regions where the AS-C is initially expressed as well as to an increase of its expression in subsequent stages. Considering the phenotypes of mutant combinations between emc and H, N and Dl alleles, emc-sufficiency corrects, whereas Ach exaggerates, Ax (and H) lack-of-chaetae pheno- The homology of another transcript included in Df E(spl) RAT"I to that of the/3 subunit of G proteins ) is also compatible with the phenotype of clusters-of-chaeta of its mutant allele gro, perhaps by failures in the mechanism of lateral inhibition. The N and Dl mutant phenotypes of SOMC singularization and specification are easily related to their sequence homologies with vertebrate growth factors (Warthon et al. 1985; V/issin et al. 1987) , and as such may be involved in cell-cell interactions. Thus, their mutant haplo-insufficient effects on extra chaetae can be explained as failures in "lateral inhibition". The lack of chaetae of Ax alleles can be explained as resulting from the increased function of modified N proteins preventing SOMC singularization and acting intracellularly (Celis et al. 1991) . The correction of Ax phenotypes by Dl would reflect the existing mutual interactions between N and D1 products in the surface of cells (Fehon et al. 1990) if Dl products act as activators of N products in neighbouring cells.
The synergism of effects of H and Ax alleles in double heterozygotes, as well as the similarity of Ax and H seriations, could be explained as a consequence of interactions between H and the cytoplasmic domain of N protein, reversing D/-mediated N activation. This is consistent with a cell autonomous behaviour of H mutations (Celis 1989). The proposed effect of H upon N is also compatible with the epistasis of H mutations over Dl and N in their extrachaetae phenotypes. To postulate a more precise mechanism requires knowledge of the molecular nature of H products.
Whereas these interactions affect SOMC singularization, we do not know if similar interactions take place in the specification of epidermal vs. neural fate in the SOMC offspring. In fact, the chaeta differentiation phenotypes of N, H, Dl and E(spl) alleles suggest that a similar mechanism is at work in this process, but their relation to the AS-C, "if one exists, will remain unclear until we know if the AS-C genes are expressed in these cells.
Operational model for chaetae patterning
The preceding considerations suggest a model for the genetic interactions involved, at least in the step of singularization of SOMC (Fig. 6c) . The original patterned expression of AS-C is defined by unknown pattern genes and modulated by emc. Clustered cells that express AS-C would interact, sending negative signals (lateral inhibition) by products of Dl (emitter) which are received by the N protein in neighbouring cells. The activated N products (Ax condition) would intracellularly down-control the AS-C. The interactions reflect a dynamic process leading to the establishment of differences in the cellular content of the AS-C products between cells in a cluster. The cells of the AS-C-expressing cluster would laterally inhibit each other until one of them escapes this inhibition and singularizes as a SOMC (Fig. 6A, B) . This cell, in turn, would increase its AS-C activity until the terminal differentiative divisions. In this period ("maturation") AS-C expression would still be (Fig. 6A,   B ), whereas others could antagonize the emc function.
